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Cdc28/Cdk1 Regulates Spindle Pole Body Duplication
through Phosphorylation of Spc42 and Mps1
cyclins occurs as the result of oscillations in cyclin levels
and is required for the timing of specific events during
each cell cycle phase. SPB duplication occurs during
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A crystalline array of roughly 1000 copies of the coiled-Duplication of the Saccharomyces cerevisiae spindle
coil protein Spc42 forms the SPB core layer, or centralpole body (SPB) once per cell cycle is essential for
plaque, that spans the nuclear envelope (reviewed inbipolar spindle formation and accurate chromosome
Jaspersen and Winey, 2004). Spc42 is also a componentsegregation during mitosis. We have investigated the
of the satellite, the amorphous SPB precursor that formsrole that the major yeast cyclin-dependent kinase
adjacent to the existing SPB early in the cell cycle. Fol-Cdc28/Cdk1 plays in assembly of a core SPB compo-
lowing activation of Cdc28-Cln in G1, the satellite ex-nent, Spc42, to better understand how SPB duplication
pands into a structure known as the duplication plaque,is coordinated with cell cycle progression. Cdc28 is
which resembles the cytoplasmic half of a mature SPB.required for SPB duplication and Spc42 assembly, and
Spc42 plays a critical role in driving satellite expansionwe found that Cdc28 directly phosphorylates Spc42 to
by virtue of its ability to self-assemble and to form apromote its assembly into the SPB. The Mps1 kinase,
scaffold for assembly of other SPB components. Mu-previously shown to regulate Spc42 phosphorylation
tants that fail to properly assemble Spc42 into the SPBand assembly, is also a Cdc28 substrate, and Cdc28
are also defective in SPB duplication, indicating thatphosphorylation of Mps1 is needed to maintain wild-
Spc42 assembly is a key event during SPB duplicationtype levels of Mps1 in cells. Analysis of nonphosphor-
(Adams and Kilmartin, 1999; Castillo et al., 2002; Don-ylatable mutants in SPC42 and MPS1 indicates that
aldson and Kilmartin, 1996; Jaspersen et al., 2002).direct Spc42 phosphorylation and indirect regulation
Spc42 protein levels do not change during the cellof Spc42 through Mps1 are two overlapping pathways
cycle, but SPC42 expression and Spc42 phosphoryla-by which Cdc28 regulates Spc42 assembly and SPB
tion both increase during G1 (Donaldson and Kilmartin,duplication during the cell cycle.
1996). While the overall importance of each in timing
SPB duplication is not understood, synthesis of Spc42Introduction
has been proposed to result in a soluble pool of the
protein that can assemble into the SPB in G1. AnalysisThe spindle pole body (SPB) is the Saccharomyces cere-
of Spc42 assembly suggests that phosphorylation alsovisiae centrosome-equivalent organelle and is the sole
promotes SPB duplication, and Spc42 is highly phos-site of microtubule nucleation in budding yeast. The
phorylated in vivo (Adams and Kilmartin, 1999; Castillo
SPB is estimated to be a gigadalton protein complex
et al., 2002; Donaldson and Kilmartin, 1996). The phos-
containing approximately 20 core proteins that assem-
phorylation state of Spc42 is affected by mutations in
ble into a multilayered cylindrical structure embedded in CDC28 (Donaldson and Kilmartin, 1996), suggesting that
the nuclear envelope (reviewed in Jaspersen and Winey, regulation of Spc42 phosphorylation by Cdc28 could
2004). Duplication of this enormous complex must be link SPB duplication with cell cycle progression.
completed with high fidelity exactly once per cell cycle The timing of SPB/centrosome duplication during cell
to ensure proper formation of a bipolar mitotic spindle division is also regulated by the conserved Mps1 kinase
and accurate chromosome segregation during mitosis. (see Jaspersen and Winey, 2004; Hinchcliffe and Sluder,
Extensive characterization of SPB structure, duplication 2001), although there has been disagreement about
intermediates, and protein composition make the yeast whether the requirement for Mps1 during centrosome
SPB ideally suited to detailed analysis of the molecular duplication extends to human cells (Stucke et al., 2002;
mechanisms that regulate SPB duplication during the Fisk et al., 2003). In yeast, Mps1 is required for multiple
cell cycle. steps in SPB duplication (see Jaspersen and Winey,
Cell cycle progression in budding yeast is driven by 2004). The role of Mps1 in satellite expansion into a
a single cyclin-dependent kinase, Cdc28/Cdk1, that duplication plaque is likely due to direct phosphorylation
binds to a series of phase-specific cyclins to promote of Spc42 by Mps1 (Castillo et al., 2002). Alterations in
the events of G1 (Cln1-3), S phase (Clb5-6), and mitosis Mps1 levels by overexpression or by expression of mu-
(Clb1-4). Periodic activation of Cdc28 by each set of tant forms of Mps1 disrupt SPB/centrosome duplication
and function (Fisk and Winey, 2001; B.J.H. and M.W.,
unpublished data), highlighting the importance of proper*Correspondence: mark.winey@colorado.edu
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Mps1 regulation. In mouse cells, Mps1 appears to be 1-NM-PP1 is due to loss of Cdc28 function. We observed
similar results when Cdc28 was inactivated by tempera-regulated by cyclin-dependent kinases since inhibition
of Cdk2 activity leads to a dramatic decrease in Mps1 ture shift in cdc28-4 (Figure 1D) or by addition of-factor
(data not shown), strongly suggesting that loss of Cdc28protein levels (Fisk and Winey, 2001). The mechanism
by which Cdk2 phosphorylation affects Mps1 stability activity and not cell cycle position or an allele specific
phenomenon is responsible for the superplaque assem-is unclear, but the fact that Mps1 levels are low in G1-
arrested yeast cells lacking Cdc28 activity suggests that bly defects we observe.
In cycling cells, CDC28 is required for expression ofa similar pathway might exist in yeast (Biggins and Mur-
ray, 2001). Regulation of Mps1 by Cdc28 might be an SPC42 (Donaldson and Kilmartin, 1996), but in our as-
sembly system, SPC42 expression is regulated by theindirect mechanism by which Cdc28 controls Spc42
phosphorylation and SPB duplication. GAL1/10 promoter that is not affected by Cdc28 function
(Figures 1C and 1E). While Cdc28 may regulate Spc42To elucidate the function of Cdc28 during SPB dupli-
cation, we analyzed its role in phosphorylation of Spc42. by affecting its transcription, our results clearly suggest
that Cdc28 affects Spc42 assembly into the SPB throughWe found that Cdc28 directly phosphorylates Spc42
and is required for Spc42 assembly. In addition, Cdc28 an additional pathway(s).
indirectly regulates Spc42 through phosphorylation of
Mps1, which stabilizes Mps1. Neither pathway is essen- Spc42 Is a Cdc28 Substrate
tial for cell viability, but disruption of both impairs SPB To determine if Spc42 is a Cdc28 substrate, we again
duplication. Thus, Cdc28 regulates Spc42 phosphoryla- utilized cdc28-as1 because it is also able to use an ATP-
tion and SPB duplication by multiple overlapping mech- analog that is unable to fit in the ATP binding pocket of
anisms. other cellular kinases (Ubersax et al., 2003). Spheroplast
lysates were prepared from cdc28-as1 and CDC28 cells
overproducing Spc42-GFP, and kinase reactions wereResults
performed using N6-benzyl-32P--ATP. In these reac-
tions, the kinase (cdc28-as1 or Cdc28) is supplied byCdc28 Is Required for Spc42 Assembly
into the SPB the extract. We immunoprecipitated Spc42-GFP follow-
ing the kinase reaction to analyze its phosphorylationOverproduction of Spc42 results in lateral expansion of
the central plaque layer of the SPB into a rod- or dome- state. Spc42-GFP, but not GFP alone, was phosphory-
lated in kinase reactions containing cdc28-as1 (Figurelike structure that we call the “superplaque.” It is com-
posed of a crystalline lattice of Spc42 very similar in 2A). The fact that Spc42 was not phosphorylated when
cdc28-as1 was absent indicates that cdc28-as1 is thestructure to the hexagonally packed Spc42 array found
in the central plaque of a normal SPB (Bullitt et al., 1997; only kinase in the reaction that can efficiently use the bulky
ATP-analog and that therefore it must directly phosphor-Donaldson and Kilmartin, 1996), and formation of the
superplaque requires the function of a number of pro- ylate Spc42 (Figure 2A). Phosphorylation of Spc42 by
cdc28-as1 cannot be explained simply by increased af-teins necessary for SPB duplication, including Mps1
and Spc29 (Castillo et al., 2002; Jaspersen et al., 2002). finity between substrate and kinase since the cdc28-
as1 mutation is buried within the ATP binding domainSuperplaque formation also requires the serine residues
in Spc42, which later were shown to be required for of the kinase and away from the substrate binding site,
which is primarily created by the cyclin subunit. Further-normal SPB function (Adams and Kilmartin, 1999; Don-
aldson and Kilmartin, 1996). Here, we utilize the super- more, phosphorylation of Spc42 in a extract in the pres-
ence of numerous Cdc28 substrates strongly suggestsplaque assay to characterize the role of Cdc28 in forma-
tion of a higher-order Spc42 structure to gain a better that Spc42 is a specific and relevant Cdc28 substrate
in vivo (Ubersax et al., 2003).understanding of Cdc28’s function during SPB dupli-
cation. cdc28-as1 was able to phosphorylate a series of
Spc42 deletion mutants with the exception of spc422-In order to examine the role of CDC28 in superplaque
formation, we took advantage of an allele of CDC28 53 (Figure 2B, data not shown), which lacks amino acids
2 through 53. This region of Spc42 contains one full(cdc28-as1) that is uniquely sensitive to a bulky chemical
inhibitor (1-NM-PP1: 4-amino-1-tert-butyl-3-(1-napthyl- consensus Cdk phosphorylation site at threonine 6
(T*-P-K-R) and two minimal consensus Cdk phosphory-methyl)pyrazolo[3,4-d]pyrimidine) that rapidly interacts
with the enlarged ATP binding site of cdc28-as1 but lation sites at serine 4 and threonine 32 (S/T*-P). By
constructing individual, double, and triple mutants innot with other kinases (Bishop et al., 2000). Addition of
1-NM-PP1 to cdc28-as1 cells 30 min prior to induction these three residues, we determined that Spc42 phos-
phorylation by Cdc28 occurs primarily on serine 4 andof SPC42-GFP expression by addition of galactose
blocked superplaque formation in 73% of cells (Figures to a lesser degree on threonine 6 (Figure 2B). Mutation of
both of these sites to alanine (spc42-S4AT6A) abolishes1A and 1B). cdc28-as1 cells treated with DMSO effi-
ciently assembled Spc42-GFP into a superplaque (Fig- over 95% of the Cdc28-dependent Spc42 phosphoryla-
tion (Figure 2B).ures 1A and 1B), although a small decrease in assembly
in cdc28-as1 strains was consistently observed and is We tested the ability of Cdc28 in combination with
G1 (Cln1 and Cln2), S phase (Clb5), or mitotic (Clb2)likely due to a mild loss of CDC28 function intrinsic
to the allele (Bishop et al., 2000). Treatment of cells cyclins to phosphorylate Spc42. Complexes were puri-
fied from different sources and had different specificcontaining wild-type CDC28 with DMSO or 1-NM-PP1
had no effect on the ability of Spc42-GFP to assemble activities, so we normalized our kinase reactions based
on Cdc28 activity toward the only protein known to beinto superplaques (Figures 1A and 1B), demonstrating
that the assembly defect in cdc28-as1 cells treated with readily phosphorylated by all Cdc28 complexes, histone
Cdc28 Phosphorylates Spc42 and Mps1
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Figure 1. CDC28 Is Required for Spc42 As-
sembly into the SPB
(A) Wild-type (SLJ1307) and cdc28-as1
(SLJ1308) strains containing a single inte-
grated copy of GAL-SPC42-GFP and GAL-
H2B1-LACZ were grown to mid-log phase in
YEPR at 23C, cultures were divided, and
10 M 1-NM-PP1 was added to one and an
equal volume of DMSO was added to the
other, then expression of SPC42-GFP was
induced 30 min later by addition of 2% galac-
tose for 2 hr. Incorporation of Spc42-GFP was
analyzed by microscopy. Bar, 5 m.
(B) The ability of Spc42-GFP to incorporate
into a superplaque, judged by two easily visi-
ble spots of fluorescence in large budded
yeast cells, was quantitated in each sample.
n  200, in three experiments.
(C) Levels of Spc42-GFP were analyzed by
Western blotting with anti-GFP antibodies
(top panel). G6PDH serves as a loading con-
trol (center panel), and LacZ is a control for
protein expression from the GAL1/10 pro-
moter (bottom panel).
(D) Wild-type (SLJ852) and cdc28-4 (SLJ790)
cells containing GAL-SPC42-GFP were grown
to mid-log phase in YEPR at 23C, then cul-
tures were shifted to 33C and 4% galactose
added. Incorporation of Spc42-GFP into the
superplaque was analyzed 1.5 hr later. The
percentage of cells able to form a super-
plaque is indicated. n  200. Bar, 5 m.
(E) Spc42-GFP levels were analyzed by West-
ern blotting with anti-GFP antibodies (top
panel). G6PDH serves as a loading control
(bottom panel).
H1 (HH1). Spc42 was most efficiently phosphorylated 50% compared to Spc42-GFP (Figure 3A, bottom pan-
els), demonstrating that serine 4 and threonine 6 areby Cln1- and Cln2-Cdc28 (Figure 2C), although all of the
cyclin-Cdc28 kinases were able to phosphorylate Spc42 important sites of phosphorylation in yeast.
We examined the effect that mutation of serine 4 andwhen present at high stoichiometry (data not shown).
Preferential phosphorylation by Cdc28 in association threonine 6 had on superplaque formation to determine
if loss of phosphorylation has the same phenotype aswith G1 cyclins suggests that phosphorylation regulates
Spc42 assembly during SPB duplication, and it agrees Cdc28 inactivation. Surprisingly, overproduced spc42-
S4AT6A-GFP was incorporated into a superplaque-likewith previous observations that Spc42 phosphorylation
increases when Cdc28-Clns become active as cells structure in 74% of cells, suggesting that it is functional
to assemble into the SPB (Figure 3B). However, closerprogress through G1 (Donaldson and Kilmartin, 1996).
Phosphorylation in vitro by Cln2-Cdc28 occurred on ser- examination of spc42-S4AT6A assembly structures re-
vealed subtle differences in shape and size comparedine 4 and threonine 6 (Figure 2D), and quantitation of
phosphate incorporation in these experiments indicated to those formed by Spc42 (Figures 3B and 3D) despite
the fact that wild-type and mutant proteins were ex-that approximately two to three phosphates were trans-
ferred to Spc42. Combined, these data predict that pressed at comparable levels (Figures 3A and 3C). A
more diffuse and less organized myc-spc42-S4AT6ACdc28 regulates Spc42 through phosphorylation of ser-
ine 4 and threonine 6. staining pattern was observed in most cells (Figure 3D,
bottom panels). A similar assembly phenotype was seen
with spc42-S4ET6E-GFP (Figure 3B), indicating that mu-Spc42 Is Phosphorylated on Serine 4
tation of serine 4 and threonine 6 to glutamic acid doesand Threonine 6 In Vivo
not mimic phosphorylation but rather creates anotherPhosphorylation of Spc42 requires Cdc28 function
nonphosphorylatable allele, a conclusion supported by(Donaldson and Kilmartin, 1996), and we found that the
additional phenotypic analysis of spc42-S4ET6E cellstwo Cdc28 sites also are needed for complete Spc42
(data not shown).phosphorylation in vivo. spc42-S4AT6A-GFP was ex-
The structure formed following myc-spc42p-S4AT6Apressed as a full-length protein at levels comparable to
overproduction was examined by EM. In all cells over-wild-type, but its mobility on one- and two-dimensional
producing myc-Spc42 (n  5), we observed a highlygels differed from Spc42-GFP due to differences in its
ordered, tightly compacted plaque associated with thephosphorylation state (Figure 3A, top panel). Quantita-
cytoplasmic side of the nuclear envelope that was identi-tion of phosphate incorporation when cells were grown
cal to previously described superplaques (Figure 3E)in 32P-orthophosphate indicated that phosphorylation of
spc42-S4AT6A-GFP was consistently reduced by over (Castillo et al., 2002; Donaldson and Kilmartin, 1996). On
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Figure 2. Cdc28 Phosphorylates Spc42 on
Serine 4 and Threonine 6
(A) Spheroplast lysates prepared from a wild-
type strain (SLJ852) expressing SPC42-GFP
and cdc28-as1 strains (SLJ1169 and SLJ1164)
expressing SPC42-GFP or GFP were incu-
bated in an extract kinase reaction containing
N6-benzyl-32P--ATP, and Spc42-GFP or GFP
was immunoprecipitated using anti-GFP anti-
bodies and separated by SDS-PAGE. The left
panel is an anti-GFP Western blot of immuno-
precipitates, and the right panel is an autora-
diograph showing GFP-tagged proteins phos-
phorylated in the kinase reaction. Asterisks
indicate the positions of the crossreacting
IgG heavy chain.
(B) Similarly, lysates from cdc28-as1 cells ex-
pressing the indicated Spc42-GFP protein
(left panel, anti-GFP Western blot of lysates)
were incubated in an extract kinase reaction
and phosphorylation was analyzed by autora-
diography following SDS-PAGE of anti-GFP
immunoprecipitates (right panel).
(C) Phosphorylation of 1g HH1 or 2 g 6His-
Spc42 by the indicated Cdc28-cyclin com-
plexes was assayed in kinase reactions in vitro.
(D) Phosphorylation of 2 g 6His-Spc42 or
2 g 6His-spc42-S4AT6A was assayed in ki-
nase reactions in vitro in the absence (–) or
presence of 250 ng Cln2-Cdc28 ().
the other hand, overproduction of myc-spc42-S4AT6A is abnormal compared to Spc42 when overproduced,
spc42-S4AT6A is able to serve as the sole copy ofresulted in the formation of irregular structures in all
cells examined (Figure 3E, n  7). Although myc-spc42- SPC42 in cells (Figure 4A). Therefore, direct phosphory-
lation of Spc42 at serine 4 and threonine 6 by Cdc28S4AT6A structures were generally associated with the
SPB, the mutant plaques were of variable thicknesses, is not required for SPB duplication in wild-type cells.
However, Cdc28 phosphorylation of Spc42 becomescontained multiple kinks and curves, and sometimes
appeared to have lost association with the nuclear mem- essential when other aspects of SPB duplication have
been disrupted, such as in cells containing a mutationbrane. In addition, the internal repeating structure seen
in wild-type superplaques was difficult to distinguish in in MPS1 (Figure 4B). Further evidence suggesting that
serine 4 and threonine 6 phosphorylation is importantmost of the mutant plaques. Taken together, these data
indicate that phosphorylation of Spc42 on serine 4 and for SPB function is the observation that an increased
threonine 6 affects the ability of Spc42 to self-assemble number of spc42-S4AT6A cells contain short metaphase
into a tightly packed, highly ordered structure associ- or monopolar spindles compared to wild-type (Figure
ated with the nuclear envelope. 4C). In this experiment, spindles were judged to be
monopolar if a single spot of SPB fluorescence attached
to the microtubule array was observed in a large buddedCdc28 Phosphorylation of Spc42 Is Not Required
cell. A monopolar spindle might be due to failed SPBfor SPB Duplication
duplication and/or separation in the mutant. MonopolarTo test if Cdc28 phosphorylation on serine 4 and threo-
spindles are rarely observed in wild-type cells, and thenine 6 is essential for Spc42 assembly during normal
fact that 11% of spc42-S4AT6A cells contain a monopo-SPB duplication, we integrated versions of SPC42 and
lar spindle strongly suggests that loss of Cdc28 phos-spc42-S4AT6A expressed from the SPC42 promoter
into a spc42 strain. Although spc42-S4AT6A assembly phorylation of Spc42 causes a defect in SPB duplication
Cdc28 Phosphorylates Spc42 and Mps1
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Figure 3. Mutation of Serine 4 and Threonine
6 Affects Spc42 Phosphorylation and As-
sembly
(A) Wild-type strains containing GAL-SPC42-
GFP (SLJ852) and GAL-spc42-S4AT6A-GFP
(SLJ1351) were grown to mid-log phase in
YEPR at 23C, then protein expression was
induced by addition of 2% galactose for 2 hr
at 30C. Lysates were analyzed for Spc42-
GFP production by Western blotting with
anti-GFP antibodies (top panel). At least four
distinct mobility forms that likely represent
different phosphorylation states of Spc42-
GFP are apparent. Cells were also labeled
with 32P-orthophosphate, after which Spc42-
GFP and spc42-S4AT6A-GFP were isolated
by immunoprecipitation and analyzed by
SDS-PAGE. An anti-GFP Western blot (center
panel) and an autoradiograph (bottom panel)
of immunoprecipitates revealed a reproduc-
ible (n 4) decrease in phosphate incorpora-
tion into spc42-S4AT6A-GFP.
(B) In the same experiment, incorporation of
Spc42-GFP and spc42-S4AT6A-GFP, as well
as spc42-S4ET6E-GFP (SLJ1459), into a su-
perplaque was analyzed by microscopy, and
the percentage of cells able to form a super-
plaque is indicated. n  200, in two experi-
ments. Bar, 5 m.
(C) Expression of myc-Spc42 (SLJ1433) or
myc-spc42-S4AT6A (SLJ1434) was induced
in log phase cells by addition of 2% galactose
for 4 hr at 30C. Levels of myc-Spc42 were
analyzed by Western blotting with anti-myc
antibodies (top panel). G6PDH serves as a
loading control (bottom panel).
(D) Following fixation, cells were stained with
anti-myc antibodies (red) to visualize myc-
Spc42 (top panels) and myc-spc42-S4AT6A
(bottom panels), with anti-tubulin antibodies
(green) to visualize microtubules, and with
DAPI (blue) to visualize DNA. Compact superplaque-like structures were observed in 71% of myc-SPC42 cells and in 30% of myc-spc42-
S4AT6A cells, whereas more amorphous structures were seen in 9% of myc-SPC42 cells and in 58% of myc-spc42-S4AT6A cells. n  200,
in three experiments. Bar, 5 m.
(E) Thin section EM images show the superplaque formed following overproduction of myc-Spc42 (top panel, arrowheads) and two mutant
plaques formed following overproduction of myc-spc42-S4AT6A (bottom panels, arrowheads). Arrows point to the position of the associated
SPB, which was observed in adjacent sections. Microtubules are indicated (MTs). The nucleoplasm (N) and cytoplasm (C) are separated by
the nuclear envelope, and the budneck is at the top of each image. An asterisk marks part of a mutant plaque that does not appear to be
associated with the membrane, and open arrowheads point to kinks in a mutant plaque. The right arm of the wild-type superplaque is
perpendicular to this image. Bar, 0.3 M.
and/or function. The microtubule defects in spc42- phorylation was observed when Cdc28 was used (Figure
5A). Yeast Mps1 contains one full consensus Cdk phos-S4AT6A do not result in a significant decrease in viabil-
ity, however, and no other obvious SPB, microtubule, or phorylation site at threonine 29 (T*-P-P-K) and three
minimal consensus Cdk phosphorylation sites at serineschromosome segregation abnormalities were observed
(data not shown). 185 and 336 and threonine 602 (S/T*-P), but over 97%
of cdc28-as1 phosphorylation occurs on threonine 29
(Figure 5B). Thus, Mps1 is a direct Cdc28 substrate.
Mps1 is highly phosphorylated in vivo, making analy-Cdc28 Phosphorylates Mps1 on Threonine 29
The assembly phenotype of spc42-S4AT6A-GFP is not sis of its phosphorylation state by bandshift analysis
or 32P-orthophosphate labeling extremely difficult. Toas severe as that of cdc28 mutants (compare Figures 1
and 3B), indicating there is likely an additional level of determine if Mps1 is phosphorylated in vivo at threonine
29, the phosphorylation state of tryptic peptides derivedCdc28 regulation of Spc42. One possibility is that Cdc28
also regulates the ability of Mps1 to phosphorylate from purified GST-Mps1 from yeast was analyzed by
matrix-assisted laser desorption ionization, time-of-flightSpc42. To test if Cdc28 controls Mps1, we asked if yeast
Mps1 was a Cdc28 substrate. In lysate kinase reactions (MALDI-TOF) and electrospray ionization, liquid chro-
matography mass spectrometry (ESI-LC/MS). The masswith N6-benzyl-32P--ATP, GFP-Mps1, but not GFP
alone, was phosphorylated by cdc28-as1, and no phos- of the peptide containing threonine 29 (20QFSDDEEFTT
Developmental Cell
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Figure 4. spc42-S4AT6A Is a Nonconditional Allele with Mitotic Spindle Defects
(A) SPC42, spc42-S4AT6A, and empty vector were transformed into a strain containing a deletion of SPC42 covered by a URA3-based plasmid
containing wild-type SPC42 (SLJ1313). The ability of each version of SPC42 to rescue the SPC42 deletion was tested by plating 5-fold serial
dilutions of cells on 5-FOA plates (right panel). As a control, cells were stamped onto -URA plates (left panel). Plates were incubated at 30C
for 2 days. SPC42 and spc42-S4AT6A were also able to rescue the SPC42 deletion at 16C, 23C, and 37C (data not shown).
(B) spc42-S4AT6A (SLJ1410) was crossed to mps1-8 (SLJ727), and diploids were sporulated at 23C, dissected, and analyzed. Progeny from
tetratype spores were serially diluted 5-fold, spotted onto YPD plates, and grown for 2 days at the indicated temperatures.
(C) Spindle morphology of spc42-S4AT6A (SLJ1410) and SPC42 (SLJ1413) was analyzed by indirect immunofluorescence. Following fixation,
cells were stained with anti-Tub4 antibodies (red) to visualize SPBs, with anti-tubulin antibodies (green) to visualize microtubules, and with
DAPI (blue) to visualize DNA. The percentage of large-budded cells with short, long, and monopolar spindles is indicated. n  200 in two
experiments. Note that monopolar spindles were not observed in SPC42 cells.
PPK32) was increased by 80 Da, the mass of one phos- on Spc42 phosphorylation by Mps1, we took advantage
of the fact that Spc42 and Mps1 physically associate,phate, indicating either serine 22, threonine 28, or threo-
nine 29 is phosphorylated (data not shown). Electro- such that Spc42 immunoprecipitates contain Mps1
(Castillo et al., 2002). Spc42-GFP, but not GFP alone,spray ionization, liquid chromatography tandem mass
spectrometry (ESI-LC/MS/MS) sequencing of the pep- isolated from wild-type cells by immunoprecipitation
was efficiently phosphorylated in a kinase reactiontide revealed that Mps1 phosphorylation occurs exclu-
sively on threonine 29 (Figure 5C), consistent with Cdc28 in vitro (Figure 6B). The fact that Spc42-GFP phosphory-
lation was reduced over 90% when isolated from mps1-1phosphorylation of Mps1 at this position.
cells suggests the majority of kinase activity in Spc42-
GFP immunoprecipitates comes from Mps1 (Figure 6B).Cdc28 Phosphorylation Stabilizes Mps1
We were interested in the effect that loss of Cdc28 Spc42-GFP phosphorylation in immunoprecipitates from
cells lacking Cdc28 kinase activity (cdc28-as1) was alsophosphorylation had on Mps1 levels and activity since
Cdk2 is needed for Mps1 stability in vertebrate cells severely reduced (Figure 6B). Spc42 immunoprecipi-
tates do not appear to contain Cdc28 (data not shown),(Fisk and Winey, 2001). CDC28 and cdc28-as1 strains
in which the endogenous copy of MPS1 was replaced so this result is explained most easily by the fact that
Mps1 protein levels are dramatically reduced in cdc28-by MPS1-13xmyc-KANMX were treated with 1-NM-PP1
or DMSO for 1 hr. Western blot analysis revealed that as1 cells (Figure 6A)
Consistent with the hypothesis that Cdc28 phosphor-the levels of Mps1-13xmyc were dramatically reduced
(over 80% compared to CDC28 cells) in cdc28-as1 cells ylation stabilizes Mps1, which in turn allows Mps1 to
phosphorylate Spc42, we were unable to detect a ver-treated with 1-NM-PP1, even though levels of another
cellular protein, G6PDH, remained unchanged (Figure sion of Mps1 lacking a phosphorylatable residue at thre-
onine 29 (mps1-T29A) with a variety of epitope tags6A; top panels). Mps1-associated kinase activity also
decreased proportionally to the decrease in Mps1- when it was expressed from the MPS1 promoter and
were unable to detect phosphorylation of Spc42-GFP13xmyc protein levels in cdc28-as1 cells treated with
1-NM-PP1 (Figure 6A, bottom panels), indicating that when it was isolated from mps1-T29A cells (data not
shown). Overproduced GFP-mps1-T29A was also diffi-the primary effect of Cdc28 is to promote Mps1 accumu-
lation rather than activation. The drop in Mps1 levels is cult to detect by Western blotting, but analysis of auto-
phosphorylation and kinase activity toward myelin basicdue to loss of Cdc28 phosphorylation and not cell cycle
position since cells remained asynchronous at the time protein (MBP) demonstrated that GFP-mps1-T29A is as
active as GFP-Mps1 (Figure 6C). Because MPS1 andpoint analyzed (data not shown).
To examine the effect that loss of Cdc28 activity had mps1-T29A are expressed from the GAL1/10 promoter
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Figure 5. Cdc28 Phosphorylates Mps1 on Threonine 29
(A) Spheroplast lysates were prepared from a wild-type strain (SLJ1383) expressing GFP-Mps1 and cdc28-as1 strains (SLJ1387 and SLJ1164)
expressing GFP-Mps1 or GFP, respectively. Lysates were incubated in an extract kinase reaction containing N6-benzyl-32P--ATP, and GFP-
Mps1 or GFP were immunoprecipitated using anti-GFP antibodies and separated by SDS-PAGE. The left panel is an anti-GFP Western blot
of input lysates, and the right panel is an autoradiograph showing immunoprecipitated proteins phosphorylated in the kinase reaction.
(B) Similarly, lysates from cdc28-as1 cells (SLJ1387, SLJ1392, SLJ1164) expressing the indicated Mps1-GFP protein or GFP (left panel, anti-
GFP Western blot of lysates) were incubated in an extract kinase reaction, and phosphorylation was analyzed by autoradiography following
SDS-PAGE of anti-GFP immunoprecipitates (right panel).
(C) GST-Mps1 was isolated from yeast and analyzed by mass spectrometry (see Experimental Procedures). ESI-LC-MS revealed that the
tryptic peptide containing threonine 29 (20QFSDDEEFTTPPK32) was mono-phosphorylated, and ESI-LC-MS/MS sequencing of the MH22 
811 ion showed that threonine 29 was the major phosphorylated residue within this peptide. Fragment ions detected are labeled on the
spectrum and summarized in the schematics above the spectrum. Fragment ions that are supporting but less than five times above background
are shown in parentheses in the spectrum and marked with a dashed line in the schematic. Ions containing threonine 29 were increased by
80 Da (P), the mass of one phosphate, whereas ions containing serine 22 or threonine 28 were unmodified. Loss of H2O is indicated by 
(18 Da). Note that parts of the peptide are highly acidic and very susceptible to dehydration. Asterisks indicate ion products of internal
fragmentation (230.8 Da: DD or a2-NH3; 317.9 Da: SDD).
in this experiment, the changes in protein levels we that Cdc28 directly regulates Mps1 and therefore indi-
rectly regulates Spc42. However, like direct Spc42 phos-observe likely reflect differences in protein stability. Loss
of Cdc28 activity and mutation of threonine 29 both phorylation, Mps1 regulation by Cdc28 is not essential
since mps1-T29A expressed from the MPS1 promoterresult in a reduction in Mps1 levels, strongly suggesting
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Figure 6. Phosphorylation of Threonine 29 Is Needed to Stabilize Mps1
(A) Wild-type (SLJ1395) and cdc28-as1 (SLJ1435) strains containing MPS1-13xmyc and an untagged control (SLJ001) were grown to mid-log
phase in YPD at 30C, then cultures were divided, and 10 M 1-NM-PP1 was added to one set and an equal volume of DMSO was added to
the other. After 1 hr, cells were harvested and lysed and Mps1-13xmyc protein levels were determined by Western blotting with anti-myc A14
antibodies (top panel). G6PDH serves as a loading control (second panel). Kinase activity of Mps1 was determined by immunoprecipitating
Mps1-13xmyc from lysates (third panel, Western blot) and performing a kinase assay in vitro with 1g MBP (fourth panel, Mps1 autophosphoryla-
tion; bottom panel, MBP phosphorylation).
(B) Wild-type strains containing GAL-GFP (SLJ1542) or GAL-SPC42-GFP (SLJ852) and mps1-1 GAL-SPC42-GFP (SLJ1381) and cdc28-as1
GAL-SPC42-GFP (SLJ1169) strains were grown to mid-log phase at 23C and then were shifted to 30C to inactivate mps1-1 and 10 M
1-NM-PP1 was added to inhibit cdc28-as1 30 min prior to addition of 2% galactose for 2.5 hr. GFP and Spc42-GFP immunoprecipitates were
incubated in a Mps1 kinase reaction, then were analyzed and quantitated by autoradiography (bottom panel) and Western blotting with anti-
GFP antibodies (top panel). Relative 32P incorporation is shown below the gel.
(C) Expression of the indicated Mps1 proteins or GFP (SLJ1383, SLJ1540-2) was induced in log phase cultures by addition of 2% galactose
for 1.5 hr at 30C, and Mps1 protein levels were analyzed by Western blotting with anti-GFP antibodies (top panel). Mps1 was also immunoprecipi-
tated and used in a kinase reaction in vitro with MBP (bottom panel). Relative 32P incorporation into Mps1 and MBP is shown below the gel.
(D) MPS1, mps1-T29A, and empty vector were transformed into a strain containing a deletion of MPS1 covered by a URA3-based plasmid
containing wild-type MPS1 (Wx1648). The ability of each to rescue the MPS1 deletion was tested by plating 5-fold serial dilutions of cells on
5-FOA plates (right panel). As a control, cells were stamped onto -URA plates (left panel). Plates were incubated at 30C for 2 days. MPS1
and mps1-T29A were also able to rescue the MPS1 deletion at 16C, 23C, and 37C (data not shown).
was able to serve as the sole copy of MPS1 in cells affects Spc42 assembly. Loss of Cdc28 phosphorylation
(Figure 6D). of both Spc42 and Mps1 caused a dramatic reduction
in Spc42 assembly into the SPB (Figures 7A and 7B).
However, unlike cdc28 mutants where assembly is com-Mps1 and Spc42 Are Essential Cdc28 Targets
pletely blocked (Figure 1), spc42-S4AT6A-GFP is ableIf Mps1 and Spc42 are the essential targets of Cdc28
to form multiple foci in mps1-T29A cells, many of whichin its regulation of Spc42 assembly, then loss of direct
are not associated with the nuclear DNA and thereforeSpc42 and Mps1 phosphorylation by Cdc28 should
are likely not SPB associated (Figure 7A, data notresult in an assembly defect similar to that seen in
shown). This phenotype has been observed previouslycdc28 mutants. We expressed Spc42-GFP and spc42-
in mutants known to be required for SPB duplicationS4AT6A-GFP in wild-type and mps1-T29A cells to test
(Jaspersen et al., 2002). Therefore, direct phosphoryla-this hypothesis (Figure 7C). Assembly of Spc42-GFP in
tion of Spc42 and Mps1 by Cdc28 is important for propermps1-T29A mutants is slightly compromised similar to
Spc42 assembly.spc42-S4AT6A-GFP in wild-type cells (Figures 7A and
7B), suggesting that mutation of either Cdc28 target Loss of direct Spc42 and Mps1 phosphorylation does
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Figure 7. Cdc28 Regulates Spc42 Directly and through Mps1
(A) Expression of GAL-SPC42-GFP or GAL-spc42-S4AT6A-GFP was induced in wild-type (SLJ1553-4) and mps1-T29A (SLJ1555-6) cells by
addition of 2% galactose for 2 hr, and incorporation of Spc42-GFP and spc42-S4AT6A-GFP was analyzed by microscopy. Bar, 5 m.
(B) The ability of Spc42-GFP to incorporate into a superplaque (S), judged by two easily visible spots of fluorescence in large budded yeast
cells, was quantitated. Some cells lacked any visible signal (B) while others contained multiple foci (M). n  200, in four experiments.
(C) Levels of Spc42-GFP in each culture were analyzed by Western blotting with anti-GFP antibodies (top panel). G6PDH serves as a loading
control (bottom panel).
(D) Wild-type (SLJ852) and mps1-1 (SLJ1382) strains containing a single integrated copy of GAL-spc42-S4AT6A-GFP and an mps1-1 strain
(SLJ1381) containing a single integrated copy of GAL-SPC42-GFP were grown to mid-log phase in YEPR at 23C, the cultures were divided
and half were shifted to 30C for 30 min, then expression of SPC42-GFP was induced by addition of 2% galactose for 2.5 hr, and incorporation
of Spc42-GFP and spc42-S4AT6A-GFP was analyzed by microscopy. The ability of Spc42-GFP to incorporate into a superplaque is indicated
(n  200, in three experiments). Bar, 5 m.
(E) Levels of Spc42-GFP in each culture were analyzed by Western blotting with anti-GFP antibodies (top panel). G6PDH serves as a loading
control (bottom panel).
(F) Diploid strains containing a single integrated copy of MPS1 or mps1-T29A and SPC42 or spc42-S4AT6A were generated by crossing
SLJ1514 and SLJ1516 (top), SLJ1515 and SLJ1516 (second), SLJ1514 and SLJ1517 (third), and SLJ1515 and SLJ1517 (bottom). The ability
of each to grow in the absence of the SPC42 and MPS1 plasmids was tested by plating 5-fold serial dilutions of cells on 5-FOA plates (right
panel). As a control, cells were platted onto -URA plates (left panel). Plates were incubated at 23C for 3 days; identical results were observed
at 16C, 30C, and 37C (data not shown).
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not mimic the assembly defect in cdc28 mutants alone, binding factor that promotes SPC42 expression in G1
however. One possible explanation is that the residual (Donaldson and Kilmartin, 1996). We propose that in-
activity of mps1-T29A (Figure 6C) is sufficient to promote creased Spc42 expression, stabilization of Mps1, and
a small amount of Spc42 phosphorylation to drive as- direct phosphorylation are overlapping mechanisms
sembly. To address this possibility, we examined the used by Cdc28 to drive Spc42 assembly in G1 to pro-
assembly of spc42-S4AT6A-GFP in cells lacking MPS1 mote SPB duplication (Figure 8).
function due to a mutation in the Mps1 kinase domain Several lines of evidence suggest that Spc42 is a
that abolishes kinase activity (mps1-1). By performing Cdc28 substrate in vivo. First, Spc42 undergoes phos-
assembly experiments at various temperatures, we were phate-dependent mobility shifts in response to loss of
able to determine the maximum temperature where Cdc28 function that are reduced when the Cdc28 sites,
mps1-1 cells were able to assemble Spc42-GFP into a serine 4 and threonine 6, are mutated (Donaldson and
superplaque in at least 80% of cells (Figure 7D). Under Kilmartin, 1996). Second, Spc42 is phosphorylated in a
identical conditions, we found that only 35% of mps1-1 cdc28-as1- and Cdc28 site-dependent manner in ex-
cells were able to efficiently assemble spc42-S4AT6A- tracts where numerous substrates are present to pre-
GFP into some superplaque-like structure at the SPB vent nonspecific phosphorylation. Third, purified Cdc28
(Figure 7D). The assembly defect that we observed in the catalyzes phosphorylation of Spc42 on the same two
remaining 65% of these cells, where no incorporation of Cdc28 sites in vitro. The fact that the phenotype of
protein could be detected at the SPB, is similar to the the Cdc28 site mutant does not mimic loss of Cdc28
assembly block in 73% of cdc28-as1 and 86% of function is explained by our observations that Cdc28
cdc28-4 mutants (Figure 1). Differences in Spc42 levels activity also regulates Spc42 through Mps1.
alone cannot explain these results (Figure 7E). There- We showed that Mps1 is a Cdc28 substrate, mapped
fore, Spc42 and Mps1 appear to be the important targets the site of phosphorylation to threonine 29, and demon-
of Cdc28 in its control of Spc42 assembly. strated that Mps1 is phosphorylated on this same site
Loss of Cdc28 phosphorylation of Spc42 results in a in vivo. The fact that mutation of threonine 29 has the
synthetic growth defect in MPS1 mutants (Figure 4B), same effect on Mps1 levels as inhibition of Cdc28 activ-
and loss of Cdc28 phosphorylation of Mps1 is toxic ity strongly suggests that Cdk phosphorylation regu-
in SPC42 mutants (data not shown), suggesting that
lates Mps1 levels in yeast as well as in mouse cells (Fisk
phosphorylation of Spc42 and Mps1 by Cdc28 is impor-
and Winey, 2001). However, the mechanism of regula-
tant for normal SPB duplication. We examined the phe-
tion between organisms may not be identical since ver-
notype of nonphosphorylatable mutants in Spc42 and
tebrate versions of Mps1 do not have a phosphorylat-Mps1 to further examine the requirement for both poten-
able residue at the threonine 29-equivalent position.tial Cdc28 regulatory pathways during normal SPB du-
Analysis of mps1-T29A mutants also suggests that Cdkplication. In haploid cells, spc42-S4AT6A mps1-T29A
phosphorylation may not be an essential regulatorydouble mutants are viable and display only minor growth
pathway, perhaps because only a small amount of Mps1defects (data not shown); however, diploid cells con-
activity is required for SPB and centrosome duplicationtaining a single copy of mps1-T29A and spc42-S4AT6A
(Fisk et al., 2003; Schutz and Winey, 1998).are dead at any temperature (Figure 7F). The fact that
A ClustalW sequence alignment of Spc42 with homo-a reduction in function of either pathway can be toler-
logs from five other fungi, ranging in identity to Spc42ated but a reduction in both is lethal demonstrates that
from 17% to 93%, reveals that the two Cdc28 sites,Cdc28 regulates Spc42 assembly through multiple, re-
serine 4 and threonine 6, and the surrounding sequencesdundant pathways (Figure 8). We suspect that the lethal-
are absolutely conserved. Similarly, alignment of Mps1ity of the double mutant in diploids but not in haploids
with homologs from five other fungi, ranging in identityis due to the fact that the larger SPB size in diploid
to Mps1 from 56% to 95%, showed that threonine 29cells (roughly twice the size of a haploid SPB) requires
and neighboring residues are also completely con-significantly greater capacity for Spc42 assembly during
served. This suggests that Cdc28 phosphorylation ofSPB duplication (Jaspersen and Winey, 2004).
Spc42 and Mps1 is part of a general mechanism of SPB
duplication regulation in yeast.Discussion
How might phosphorylation by Cdc28 and Mps1 regu-
late Spc42 assembly? One mechanism involves promot-SPB duplication must be regulated so that it occurs once
ing Spc42 self-assembly, since mutation of the Cdc28and only once per cell cycle. We have demonstrated that
sites and/or loss of Mps1 phosphorylation affects thea key cell cycle kinase, Cdc28, plays a direct role in
ordered packing of Spc42 into a superplaque (Castilloregulating SPB duplication through phosphorylation of
et al., 2002). Although the first coiled-coil domain inSpc42. Cdc28 also controls SPB duplication indirectly
Spc42 is thought to mediate dimerization (Bullitt et al.,by regulating Mps1. The fact that neither pathway is
1997), Cdc28 phosphorylation of N-terminal sequencesessential for cell viability suggests that Cdc28 regulates
could stabilize Spc42 dimers and/or affect the ability ofSPB duplication through multiple pathways, a possibility
Spc42 dimers to form a trimeric lattice. Phosphorylationthat is supported by our observations that Cdc28 phos-
of Spc42 also could regulate its interaction with half-phorylation of both Spc42 and Mps1 is essential in dip-
bridge or satellite components. In particular, Cdc28loid cells. However, spc42-S4AT6A mps1-T29A haploid
phosphorylation could affect its interaction with Spc29,cells are still viable, perhaps because of a third Cdc28-
a central plaque and satellite component that binds todependent mechanism of Spc42 regulation: Cdc28 is
required for activation of MBF, the MluI cell cycle box the N terminus of Spc42 (Jaspersen and Winey, 2004).
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Figure 8. Cdc28 Regulates Spc42 Assembly through Multiple Mechanisms
Expression of SPC42 increases in G1 at the time of SPB duplication as an indirect result of Cdc28 activation (see Discussion). We have shown
that Cdc28 phosphorylates Spc42 on serine 4 and threonine 6 to promote its assembly into the SPB. In addition, Cdc28 also phosphorylates
Mps1 on threonine 29, which allows Mps1 to accumulate and phosphorylate Spc42 on additional sites to further promote Spc42 assembly
and drive SPB duplication.
Consistent with this idea, we found that Cdc28 phos- could be a method to ensure that SPB duplication and
DNA replication are properly coordinated with multiplephorylation of Spc42 is essential in cells containing a
mutant version of SPC29 (data not shown). cell cycle events, and multiple overlapping Cdc28-
dependent mechanisms could help ensure that bothAnalysis of MPS1 alleles has shown that Mps1 is re-
quired for several steps in SPB duplication, raising the SPB duplication and DNA replication occur once and
only once per cell cycle.interesting question of whether Cdc28 is also required
for other aspects of SPB duplication. Virtually all alleles Regulation of DNA replication by multiple Cdk-depen-
dent pathways is conserved from yeast to humans al-of CDC28 block SPB duplication at the satellite-bearing
stage (Byers and Goetsch, 1974), but this could be due though the targets used by Cdc28 and Cdk1/Cdk2 to
control replication activation are different (Kearsey andto the absolute requirement for Cdc28 in cell cycle pro-
gression. Many core SPB components contain Cdk con- Cotterill, 2003). We anticipate this is also the case for
SPB/centrosome duplication. Cdk2 has three knownsensus phosphorylation sites and were identified in a
genome-wide screen for Cdc28 substrates (Ubersax et centrosomal targets, nucleophosmin/B23 (NPM), CP110,
and Mps1 (see Hinchcliffe and Sluder, 2001). Our resultsal., 2003). Analysis of Cdc28 site mutants in these pro-
teins will further elucidate the role of Cdc28 in different in yeast and the DNA replication model suggest that
centrosome duplication defects resulting from loss ofaspects of SPB duplication, enable us to analyze which
Cdc28 phosphorylation events are essential and nones- Cdk2 phosphorylation of NPM or CP110 could be due
to a combination of loss of both Cdk2 and Mps1 phos-sential, and determine if Cdc28 and Mps1 coordinately
regulate other events at the SPB. Mutation of a potential phorylation because Mps1 levels decrease when Cdk2
is inhibited (Fisk and Winey, 2001) and because Mps1Cdc28 site in Spc110, in combination with mutants in
three Mps1 phosphorylation sites, disrupts Spc110 phosphorylation of these proteins may potentially re-
quires prior Cdk2 phosphorylation. Identification andbinding to the -tubulin complex (Friedman et al., 2001),
suggesting that Cdc28 and Mps1 collaborate not only analysis of Mps1 substrates at the centrosome, includ-
ing NPM or CP110, will allow us to test this model andin Spc42 assembly but also in assembly of the inner
plaque. determine if Cdks also regulate centrosome duplication
through redundant pathways.Control of cell cycle events through multiple redun-
dant pathways is not unprecedented. For example, initi-
Experimental Proceduresation of DNA replication involves a series of steps that
each require Cdc28 activity, either directly or indirectly:
Yeast Strains and Plasmids
origin recognition complex phosphorylation, MCM local- All strains are derivatives of W303 (ade2-1 trp1-1 leu2-3,112 his3-
ization, Cdc6 stabilization, and activation of Cdc7-Dbf4 11,15 ura3-1 can1-100) and are listed in Table S1. Additional details
on plasmid and strain construction can be found in Supplemental(see Kearsey and Cotterill, 2003). Loss of any one regula-
Data (http://www.developmentalcell.com/cgi/content/full/7/2/tory step has little or no effect on the timing of DNA
263/DC1).replication; however, loss of multiple pathways results
in DNA re-replication during mitosis in yeast (Nguyen et
Protein Techniques
al., 2001). Interestingly, phosphorylation of Mcm2 by Yeast lysate preparation, immunoprecipitation, and Western blot-
both Cdc28 and Cdc7 is needed for replication activa- ting were performed as described (Jaspersen et al., 2002). Using
the protocol of Ubersax et al. (2003), 3 OD600 of cells overproducingtion in yeast, but efficient Mcm2 phosphorylation by
GFP or SPC42-GFP were grown for 1 hr in media containing 2 mCiCdc7 requires previous Cdc28 phosphorylation (Nourg-
32P-orthophosphate (ICN) to test phosphorylation in vivo. Approxi-arede et al., 2000). Preliminary results suggest that
mately 50 g of total protein in 10 l from spheroplast lysates wasCdc28 phosphorylation of Spc42 greatly enhances the
incubated for 30 min at 23C in a 25 l kinase reaction containing
ability of Mps1 to phosphorylate Spc42 on additional 5 Ci N6-benzyl-32P--ATP (Cellular Genomics) as described (Uber-
sites (S.L.J. and M.W., unpublished data). Hierarchical sax et al., 2003). GFP-tagged proteins were recovered by immuno-
precipitation using 0.5 g anti-GFP antibodies (Clonetech) and 3 lphosphorylation of proteins such as Spc42 and Mcm2
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protein A-Dynabeads (Dynal). Kinase assays in vitro included 50 M Tran, H.M., Epstein, L.B., and Burlingame, A.L. (1995). Rapid mass
spectrometric peptide sequencing and mass matching for charac-ATP and 5 Ci 32P--ATP (Amersham), as well as 1 g MBP (Sigma),
1 g HH1 (Upstate Biochemical), 2 g 6His-Spc42, 15 ng Clb2-, 50 terization of human melanoma proteins isolated by two-dimensional
PAGE. Proc. Natl. Acad. Sci. USA 92, 5072–5076.ng Clb5-, and 250 ng Cln1- and Cln2-Cdc28, or immunoprecipitated
GFP-Mps1 or Spc42-GFP, as indicated in the figure legends. 32P Donaldson, A.D., and Kilmartin, J.V. (1996). Spc42p: a phosphory-
incorporation and protein levels were quantitated on a Phosphorim- lated component of the S. cerevisiae spindle pole body (SPB) with an
ager and infrared scanner (LiCor), respectively. Relative phosphory- essential function during SPB duplication. J. Cell Biol. 132, 887–901.
lation is the amount of 32P incorporation per protein, with incorpora- Fisk, H.A., Mattison, C.P., and Winey, M. (2003). Human Mps1 protein
tion into the untagged control and the wild-type protein being kinase is required for centrosome duplication and normal mitotic
assigned values of 0 and 1, respectively. progression. Proc. Natl. Acad. Sci. USA 100, 14875–14880.
Fisk, H.A., and Winey, M. (2001). The mouse Mps1p-like kinaseCytological Techniques
regulates centrosome duplication. Cell 106, 95–104.Spc42-GFP or myc-Spc42 assembly into the SPB and spindle mor-
Friedman, D.B., Kern, J.W., Huneycutt, B.J., Vinh, D.B.N., Crawford,phology was analyzed by epifluorescence or indirect immunoflu-
D.K., Steiner, E., Scheiltz, D., Yates, J., III, Resing, K.A., Ahn, N.G.,orsescence microscopy (Jaspersen et al., 2002). Superplaque for-
et al. (2001). Mps1p phosphorylates the spindle pole componentmation was assayed by EM as described (Castillo et al., 2002).
Spc110p in the N-terminal domain. J. Biol. Chem. 8, 17958–17967.
Mass Spectrometry Haase, S.B., Winey, M., and Reed, S.I. (2001). Multi-step control of
GST-Mps1 expression was induced in wild-type cells containing spindle pole body duplication by cyclin-dependent kinase. Nat. Cell
2-GAL-GST-MPS1 by addition of 3% galactose for 5 hr at 30C, Biol. 3, 38–42.
and GST-Mps1 was affinity-purified using glutathione-agarose Hinchcliffe, E.H., and Sluder, G. (2001). “It takes two to tango”:
(Amersham). Following SDS-PAGE, GST-Mps1 was trypsinized and understanding how centrosome duplication is regulated throughout
prepared for MS using a protocol derived from Shevchenko et al. the cell cycle. Genes Dev. 15, 1167–1181.
(1996). ESI-LC/MS and MALDI-TOF analysis of tryptic peptides iso-
Jaspersen, S.L., and Winey, M. (2004). The budding yeast spindle
lated from GST-Mps1 were performed using procedures described
pole body: structure, duplication & function. Annu. Rev. Cell Dev.
in Clauser et al. (1995), and the results will be described elsewhere.
Biol. 20, in press.
To sequence the phosphorylated residue in 20Q-K32, ESI-LC/MS/MS
Jaspersen, S.L., Giddings, T.H., Jr., and Winey, M. (2002). Mps3ptandem mass spectrometry was carried out using hand-packed 500
is a novel component of the yeast spindle pole body that interactsm i.d. or 250 m i.d. HPLC columns containing C18 reverse phase
with the yeast centrin homologue Cdc31p. J. Cell Biol. 159, 945–956.resin (Columbus) interfaced to an API III triple-quadrupole mass
Kearsey, S.E., and Cotterill, S. (2003). Enigmatic variations: divergentspectrometer (PE-Biosystems).
modes of regulating eukaryotic DNA replication. Mol. Cell 12, 1067–
1075.Acknowledgments
Nguyen, V.Q., Co, C., and Li, J.J. (2001). Cyclin-dependent kinases
We are grateful to J. Ubersax and D. Morgan for generously sharing prevent DNA re-replication through multiple mechanisms. Nature
data, reagents, and advice. We also thank B. Andrews, O. Schub, 411, 1068–1073.
and S. Biggins for reagents, K. Shokat and Cellular Genomics for Nourgarede, R., Della Seta, F., Zarzov, P., and Schwob, E. (2000).
N6-benzyl-32P--ATP, S. Biggins and C. Takizawa for valuable dis- Hierarchy of S-phase-promoting factors: yeast Dbf4-Cdc7 kinase
cussions and encouragement, and M. Jones, A. Stemm-Wolf, and requires prior S-phase cyclin-dependent kinase activation. Mol. Cell.
D. Morgan for comments on the manuscript. This work was sup- Biol. 20, 3795–3806.
ported by funding from the NIH (GM51312 to M.W. and GM07135
Schutz, A.R., and Winey, M. (1998). New alleles of the yeast MPS1
training award to B.J.H.) and the Helen Hay Whitney Foundation
gene reveal multiple requirements in spindle pole body duplication.
(to S.L.J.).
Mol. Biol. Cell 9, 759–774.
Shevchenko, A., Wilm, M., Vorm, O., and Mann, M. (1996). MassReceived: March 24, 2004
spectrometic sequencing of proteins from silver-stained polyacryl-Revised: June 3, 2004
amide gels. Anal. Chem. 68, 850–858.Accepted: June 3, 2004
Stucke, V.M., Sillje, H.H., Arnaud, L., and Nigg, E.A. (2002). HumanPublished: August 9, 2004
Mps1 kinase is required for the spindle assembly checkpoint but
not for centrosome duplication. EMBO J. 21, 1723–1732.References
Ubersax, J.A., Woodbury, E.L., Quang, P.N., Paraz, M., Blethrow,
Adams, I.R., and Kilmartin, J.V. (1999). Localization of core spindle J.D., Shah, K., Shokat, K.M., and Morgan, D.O. (2003). Targets of
pole body (SPB) components during SPB duplication in Saccharo- the cyclin-dependent kinase Cdk1. Nature 425, 859–864.
myces cerevisiae. J. Cell Biol. 145, 809–823.
Biggins, S., and Murray, A.W. (2001). The budding yeast protein
kinase Ipl1/Aurora allows the absence of tension to activate the
spindle checkpoint. Genes Dev. 15, 3118–3129.
Bishop, A.C., Ubersax, J.A., Petsch, D.T., Mathewios, D.P., Gray,
N.E., Blethrow, J., Shimizu, E., Tsien, J.Z., Schultz, P.G., Rose, M.D.,
et al. (2000). A chemical switch for inhibitor-sensitive alleles of any
protein kinase. Nature 407, 395–401.
Bullitt, E., Rout, M., Kilmartin, J.V., and Akey, C. (1997). The yeast
spindle pole body is assembled around a central crystal of Spc42p.
Cell 89, 1077–1086.
Byers, B., and Goetsch, L. (1974). Duplication of spindle plaques
and integration of the yeast cell cycle. CSH Symp. Quant. Biol.
38, 123–131.
Castillo, A.R., Meehl, J.B., Morgan, G., Schutz-Geschwender, A.,
and Winey, M. (2002). The yeast protein kinase Mps1p is required
for assembly of the integral spindle pole body component Spc42p.
J. Cell Biol. 156, 453–465.
Clauser, K.R., Hall, S.C., Smith, D.M., Webb, J.W., Andrews, L.E.,
